Chikungunya viral fever results in extreme morbidity and arthralgia in affected individuals. Currently, modern medicines providing symptomatic relief for the acute febrile phase and the chronic arthritic phase are only options available. Traditional Indian medical system, however, uses specific formulations for treatment of this infection; one such polyherbal formulation used to treat the postpyretic phase of chikungunya is amukkara choornam. The current study was undertaken to study the efficacy of amukkara choornam in the treatment of chikungunya in C57BL/6J mice. The formulation when administered to chikungunya-infected mice relieved morbidity and joint swelling. Analysis of virus clearance in brain and joint tissues on formulation treatment revealed a direct correlation of viral load in brain to morbidity during infection; likewise, joint swelling receded prior to complete viral clearance explaining possible immunomodulatory effect of amukkara choornam. This study provides insight into the possible mode of action of amukkara choornam during chikungunya.
One such important herb used extensively in Indian and Chinese medicines, especially in musculoskeletal conditions like arthritis and rheumatism, is Withania somnifera. 11 This herb is the principal component of an important formulation called amukkara choornam that is used in the treatment of chikungunya, especially the postpyretic phase.
The present study was undertaken to evaluate this formulation for its efficacy in chikungunya, especially during the post pyretic phase, using an in vivo mice model, C57BL/6J. Our study shows that this formulation was quite effective in alleviating arthralgia in a significant manner and improved overall health in diseased condition.
Materials and Methods Phytochemical Analysis for Amukkara Choornam
For preliminary phytochemical analysis, 100 g powdered formulation was extracted with water successively. The extracts were dried and weighed. The presence or absence of different phytoconstituents were detected by previously prescribed methods. 10, [12] [13] [14] Physiochemical Analysis for Amukkara Choornam Percentage of total ash, acid-insoluble ash, water soluble ash, and sulfated ash were calculated as per the Indian pharmacopoeia. The different extracts of the formulation were prepared for the study of extractive value. 15, 16 Loss on drying was carried out. Behavior of powder with different chemical reagents was studied.
Virus, Cells, and Cell Viability Assay
The CHIKV isolate used in this experiment was a clinical isolate from an outbreak in Delhi in 2010, belonging to the ECSA genotype. 17 The CHIKV strain was propagated in Vero cells and harvested after full cytopathic effect (CPE) was observed. Virus stock was purified using polyethylene glycol (PEG) concentration methods 18 and stored at -80 C. MTT 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) assay (Sigma, Cat No. D4540) was performed to evaluate the cytotoxicity of tested formulation against Vero cells using previously standardized protocols. 19 
Animal Experiments
Animal studies were carried out in animal biosafety level (ABSL)-2 facilities under an approved ICGEB Institutional Animal Ethics Committee (IAEC) protocol ICGEB/IAEC/08/2016. C57BL/6J mice (age matched, 20-24 g body weight) were challenged with 10 6 plaqueforming units (PFUs; 50 mL/mice, footpad injections) of virus described above. Mice were divided into 4 groups: G1 male and G1 female groups were the control groups that were placebo injected with phosphate-buffered saline (PBS) and was orally treated with 0.2 mL vehicle alone (2% methyl cellulose) twice a day, G2 male and female groups were challenged with 10 6 PFU of CHIKV treated orally with vehicle alone twice a day, G3 male and female groups were placebo infected with PBS and received 0.2 mL of 30 mg/kg/dose of amukkara choornam polyherbal formulation twice a day 48 hours postinfection (h.p.i.) 20, 21 G4 male and female groups were challenged with 10 6 PFU of CHIKV followed by the treatment with 0.2 mL 30 mg/kg/dose of amukkara choornam polyherbal formulation twice a day 48 h.p.i. At the end of the experiment, the survival data were collected and analyzed. Also, groupwise data were analyzed for parameters such as morbidity using Morton and Griffiths scale (1985) 22 and limb swelling. Blood/sera was collected from animals every third day starting with 0 days postinfection (d.p.i.) and was used to perform plaque assay using standardized protocols. 23 All animals were photographed every alternative day for the duration of this study to document changes in animals. Size of hind limbs (both left and right) was measured using digital Vernier caliper with a least count of 0.01 cm. At the end of the experiment at day 15 (or as and when animals died in case of G2) all animals were sacrificed, organs were recovered, pooled (group-wise, gender-wise) and viral nucleic acid isolation was done followed by viral load determination using uantitative real-time polymerase chain reaction (qRT-PCR) using standard protocols. 23 Additionally, animals from the virus only group (G2), and virus challenged and drug treated (G4), were sacrificed every third d.p.i. starting day 0 postinfection and brain and joint tissues were dissected. The samples were pooled (organ-, group-, and gender-wise) and plaque assay was performed.
Statistical Studies
Analyses of various physical and biological parameters, group-wise, gender-wise analyses were conducted using 1-way analysis of variance (ANOVA) with regard to group G2. Kaplan-Meier survival curves were plotted and analyzed by the log rank test (Mantel-Cox) test for statistical significance. All statistical analysis was performed using GraphPad Prism 5 software.
Results and Discussion
Amukkara choornam is a polyherbal siddha formulation and a mix of various Indian herbs with Withania somnifera constituting for almost 60% of the composition ( Supplementary Table  1 ). Basic physicochemical studies, fluorescence analysis, and phytochemical screening of extract of the formulation were performed before proceeding with further studies (Supplementary Tables 2a and 2b). Cytotoxicity assay of the formulation showed that concentration of amukkara choornam of 30 mg/mL and below was nontoxic ( Supplementary Figure 1) .
Amukkara choornam is traditionally administered to control arthritic pain in management of chikungunya. 24 However, its mode of action is presently unclear and efforts were taken in this present study to evaluate its antiarthritic properties using an animal model. Mouse strain C57BL/6 J has been widely used as a model to evaluate CHIKV vaccine and drug candidates 25, 26 and for testing potential CHIKV inhibitors. 27, 28 Studies have established that this mouse strain is capable of hosting replication of CHIKV, when administered in the footpad of the hind limbs results in extreme morbidity in infected mice 25, 29 with 10% to 20% of the mice succumbing to it at high challenge doses. 30, 31 In the present study, 10 6 PFU was found to be suitable in establishing CHIK infection in the mice with 100% mortality observed 11 d.p.i. (data not shown).
Mice in all groups were observed for differences in their survival and morbidity (Figure 1a and b, respectively). Mice started showing signs of morbidity within 48 hours of virus infection and reached maximum morbidity score of 10. Mice with >9 morbidity died within 24 hours. Illness that preceded death was characterized by rise in self-mutilation, immobilization due to swelling and pain, depression, and moderately abnormal behavior and lack of motor function coordination. It was observed that mortality in group 2 started to occur 7 d.p.i. and by 11 d.p.i., all the animals died. G1 (placebo-treated group) revealed no morbidity throughout the course of the study. G3 (formulation only) also behaved similar to G1, showing no signs of morbidity revealing that the formulation has no adverse side effects on the animals per se. Compared with the virus-only group, G4, exhibited maximum of 6 morbidity score from day 0 to day 6 postinfection, thereafter on treatment with the formulation this score was reduced to 1 on day 15 when all the animals were sacrificed, clearly emphasizing the protective efficacy of formulation. It is noteworthy that all but one mice died in G4 hence, the level of protection afforded by the formulation was statistically significant (P < .05).
Previous studies have shown that chronic arthralgia is a common complication during postpyretic phase of chikungunya infection. 4 In the present study, it was observed that all virus infected mice (group 2 and group 4) exhibited arthralgia 2 d.p.i. The limb size of both hind limbs was measured every third day postinfection for all groups (Figure 2a and b) . In depth analysis of limb size in mice groups revealed that the swelling of both limbs of G4 was comparable with the virus only group (G2) till day 3 postinfection but it reduced significantly after the administration of this formulation and by 8 d.p.i., it reverted to the size comparable to placebo-treated control group (G1). Analyses of variance revealed that P values were <.0001 in case of G2 versus G4 male and P ¼ .0001 in case of G2 versus G4 female (Supplementary Tables 3 and 4 ).
Virus tropism was determined by evaluating viral load in various tissues at different d.p.i. (Supplementary Information  1) . Based on the results, it was established that maximum viral load was seen in joints during day 3 to day 15 postinfection, in muscles the viral load was similar to that of joint till day 5 postinfection but later reduced at day 7 postinfection and by day 15 postinfection, it was below the threshold range. Virus was present in the spleen and liver as well during days 3 to 7 postinfection albeit in lesser quantities. Tissues like bone marrow, intestine, and skin showed the presence of virus only during the initial days of infections (days 3-5 ppostinfection). It was interesting to note that CHIKV was present in the sera only in day 3 ppostinfection and was absent during the later days of screening. Brain showed presence of the virus at later stages of infection (days 7-15 postinfection). Presence of CHIKV was not detected in tissues like heart, thymus, lungs, and kidneys during the days tested (days 3-15 postinfection) ( Supplementary Figure 2) . Based on these observations, further analysis of viral load was performed in the brain and joint tissues once arthritis was established in the mice foot pads 3 d.p.i. to evaluate the mode of action of this formulation.
We sought to study the status of virus clearance in animals after formulation administration. For this purpose, animals None of the mice in group G1 and G3 exhibited morbidity. Mice in group G2 exhibited high morbidity and mice died once morbidity score reached more than 9. Morbidity in mice in group G4 was like group G2 till day 3 postinfection but it decreased and became comparable to group G1 after treatment with the formulation. *Denotes the level of significance of reduction of morbidity score in comparison with group G2 (all male groups were compared with G2M and all female groups was compared with G2F).
were sacrificed on day 15 in case of G1, G3, and G4 and after animal mortality in case of G2, the animals were dissected, and various organs as mentioned in Supplementary Study 1 were collected. For groups G2 and G4, every organ was pooled separately (organ-wise, gender-wise) and processed for viral load detection using qRT-PCR. It was observed that in case of G2, at the time of death, CHIKV was present in joint and brain tissues in both male and female pooled samples. Viral load was below detectable levels in all other organs (Figure 3 ). In case of G4, viral load was below detectable range in both brain and joint tissues at the time of sacrifice, i.e. 15 d.p.i. (Figure 3) . Furthermore, to evaluate the implications of formulation treatment on virus clearance in brain and joint, we sought to evaluate daywise virus clearance pattern on administration of the formulation and correlate morbidity and joint swelling in the virus-only group (G2) and group that was challenged with virus and subsequently treated with amukkara choornam (G4). In brain, it was observed that number of PFUs in G4 started to reduce after day 3 posttreatment in comparison with G2 where number PFUs increased was found to be >50 after day 3 posttreatment (data not shown). It was ascertained that amukkara choornam reduced the number of PFUs in the brain tissues. Additionally, evaluating viral titer with morbidity revealed that in the virus-only group (G2), the virus was seen in the brain tissues from day 3 onward, which coincided with increase in morbidity (Figure 4a ). As the days progressed, viral load maximized in direct proportion with morbidity ultimately resulting in death of the animals on day 7 postinfection in case of males and on day 9 postinfection in case of females with comparable viral load among the 2 genders. In case of the formulation treated group (G4), it was seen that the brain showed presence of viruses on day 3 postinfection similar to that of the control group, albeit with lesser viral load. (It should be noted that formulation treatment was started from day 2 onward.) As the days progressed, the viral load was found to decrease along with morbidity and by day 9, the viral load in both males and females was found to be below detectable levels (Figure 4a ). In both the groups the viral load was found to be highly correlated with morbidity (R 2 ¼ 0.97 and P < .05).
In our study, morbidity was scored based on distinct biological features, hence, we hypothesized that in G2, morbidity was linked with central nervous system involvement, which is also exhibited by the presence of viral load and was directly regulated by response to external stimuli, that is, CHIKV infection, leading to behavioral responses such as depression/exaggeration, unprovoked behavior such as self-mutilation and lack of motor activity. Previous reports on other alphaviruses that studied morbidity as an indication of brain infection also used it as a predictor of disease progression, especially for encephalitic alphaviruses. 32, 33 Even though chikungunya is not encephalitic alphavirus but is known to affect the central nervous system, our study indicates a correlation of morbidity and central nervous system involvement.
With regard to joint swelling and virus infection, we observed that viral clearance in formulation-treated group directly correlated to lessening of joint swelling from day Mean increase in the size of the left limb in groups G1, G3, and G4 in comparison with group G2. G1M and G1F. The swelling in group G2 infected with virus alone reached its maxima at day 10 before succumbing to death. The swelling of limbs in group G4 increased till day 3 postinfection but reduced and became comparable with group G1 after the treatment with the polyherbal formulation.
2 posttreatment and, by day 10 posttreatment, there was 100% viral clearance with no measurable swelling seen in the animals. It was also observed there were only slight differences between the left and right limbs (Figure 4b and c) . When analyzed based on limb size, it was found to be negatively correlated with viral clearance (R 2 values of À0.62 [left] and À0.54 [right], P < .05 in both cases). Alphavirus-induced arthritis has been well studied with regard to disease severity and tissue specific viral replication 25 as well as status of immune system, virus strain virulence and host age 31,34 Figure 3 . Organ-wise viral load for groups G2 and G4. Number of viral nucleic acid (VNA) copies were detected for pooled male and female mice of groups G2 and G4. 10 1 was the detection threshold for real-time polymerase chain reaction and samples showing VNA copy number more than that was considered positive for the presence of chikungunya virus. For group G2 mice, the animals were sacrificed when they died, and organs of male and female mice were separately collected and pooled before VNA isolation. In case of group G4, all mice were sacrificed at the end of the study, and organs of male and female mice were pooled separately before VNA isolation. reviewed in Assuncao-Miranda et al. 35 In our study, day-wise observation and correlation of viral clearance with joint swelling revealed that swelling totally diminished (day 8 postinfection) even before the complete clearance of CHIKV in the joints that could be attributed to the immunomodulatory characteristics of amukkara choornam.
Even though the exact mode of action of this formulation is unknown, recent studies have reported that W somnifera, the core component in amukkara choornam exhibits both neuroprotective effect as well as anti-inflammatory effects in addition to immunomodulatory activity due to its primary active component, withanamides, known to cross the bloodbrain barrier and provide therapeutic effect against stressinduced neurological disorders. 36 Furthermore, another study demonstrated the effectiveness of W somnifera in reducing paw swelling and degenerative changes caused by Freund's adjuvant-induced arthritis in rats, even though the study failed to provide evidence on the mode of action. 37 Although, Indian traditional medical practice is effective it is in want of systematic evaluation of the underlying mechanism of their action through well-described experimental analyses. Thus, the present study was undertaken to assess efficacy of this siddha formulation amukkara choornam and has provided preliminary information about its antiinflammatory and neuroprotective features and its possible immunomodulatory activity during the postpyretic phase of CHIKV in an animal model.
